On-chip past-future quantum correlations 
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We propose a realistic circuit QED experiment to test the extraction of past-future vacuum 
entanglement to a pair of superconducting qubits. The qubit P interacts with the quantum field 
along an open transmission line for an interval T on and then, after a time-lapse T g, the qubit F 
starts interacting for a time T on in a symmetric fashion. After that, past-future quantum correlations 
of the vacuum will have transferred to the qubits, even if the qubits do not coexist at the same time. 
We show that this experiment can be realized with current technology and discuss its utility as a 
possible implementation of a quantum memory. 
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The fact that the vacuum of a quantum field is an en- 
tangled state was discovered long ago [IHS] , but it was 
considered a mere formal result until it was addressed 
from an applied perspective in Since then, this in- 
triguing property has attracted a great deal of atten- 
tion as a possible new resource for Quantum Information 
tasks [MS]. 

As shown in [4], the entanglement contained in the 
vacuum of a scalar field can be transferred to a pair of 
two-level spacelike separated detectors interacting with 
the field at the same time. Unfortunately, this theo- 
retical result seems to be very difficult from an exper- 
imental viewpoint, even in the context of a trapped-ion 
simulation 5J. Recently, it has also been shown [9] that 
the vacuum of a massless scalar field contains quantum 
correlations [TU] between the future and the past light 
cones. A theoretical method of extraction by transfer- 
ence to detectors interacting with the field at different 
times has also been proposed [H] using detectors with 
time-dependent energy gaps whose experimental imple- 
mentation seems extremely challenging. Another ideal 
proposal involving cavities transparent to a single mode 
was provided in [TJ], although this setting seems even 
more difficult to tackle experimentally. 

On the other hand, circuit QED [13] provides a frame- 
work in which the interaction of two-level systems with a 
quantum field can be naturally considered. The combi- 
nation of superconducting qubits with transmission lines 
implement an artificial 1-D matter-radiation interaction, 
with the advantage of a large experimental accessibility 
and tunability of the physical parameters. Using these 
features, fundamental problems in Quantum Field The- 
ory hitherto considered as ideal are now accessible to ex- 
periment [14] . In particular, the possibility of achieving 
an ultrastrong coupling regime [TSHTT] has already been 
exploited to propose a feasible experimental test of the 
extraction of vacuum entanglement to a pair of spacelike 
separated qubits [7J. 

In this work we will take advantage of the aforemen- 
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FIG. 1: Experimental proposal for past-future entanglement 
extraction, a) Time evolution of our protocol: the qubit P, ini- 
tially prepared in its excited state, interacts with the vacuum 
field (Alp) for a time T on . After a certain time T a g with no 
interaction, a second qubit F interacts with the field getting 
entangled with the qubit P. b) Scheme leading to a switchable 
coupling between a qubit and the microwave quantum field. 



tioned features of circuit QED in the ultrastrong coupling 
regime in order to propose a realistic experiment for the 
extraction of past-future correlations [18] contained in 
the vacuum of a quantum field. We will consider a set- 
up consisting of a pair of superconducting qubits P and F 
separated by a fixed distance r in a common open trans- 
mission line (Fig.[T^,). First, the interaction of P with the 
vacuum of the field, which is tunable in strength, is on for 
a time interval T on - the past. Then, P is disconnected 
from the field during a given T Q ff. Finally, the interaction 
of F is switched on during T on -the future - while keeping 
P disconnected. After this procedure, we will show that 
the qubits end up in a strongly correlated quantum state, 
in spite of the fact that they have never interacted with 
the field at the same time. Remarkably, the correlations 
between different times contained in the vacuum of the 
quantum field have been transferred to the qubits. We 
will thoroughly discuss the relationship of this effect with 
the spacetime region at which the qubits are placed, or in 
other words, with r, the times T on , T g and the propaga- 
tion velocity of the field v. We stress that our proposal is 
free of idealized requirements such as complicated time- 
dependent gaps and fully within reach of current circuit 
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QED technologies. 

In addition to its interest from the fundamental view- 
point, our protocol has also an important applied coun- 
terpart. As suggested in [TT], the extraction of past- 
future quantum correlations enables its use as a quan- 
tum channel for quantum teleportation "in time" . We 
will show how this opens the door to a novel kind of 
quantum memory in which the information of the quan- 
tum state of some ancillary qubit P' is codified in the 
field during T g and then recovered in F using classical 
information stored in the past - even if P is destroyed 
after its interaction with the field. 

Let us explain the formalism and our results in more 
detail. From now on we focus on a setup of circuit-QED 
with two superconducting qubits P and F interacting via 
a quantum field. The qubits have two stationary states 
|e) and \g) separated by an energy HQ and might inter- 
act with a one-dimensional field, V(x), which propagates 
along a one-dimensional open microwave guide or trans- 
mission line that connects them 

/oo 
dk y/Nuk e ikx a k + H.c. (1) 
-oo 

This field has a continuum of Fock operators [a&, aL] — 
5(k — k'), and a linear spectrum, Uk — v\k\, where v 
is the propagation velocity of the field. The normal- 
ization N and the speed of photons, v — (d) -1 / 2 , de- 
pend on the microscopic details such as the capacitance 
and inductance per unit length, c and I. We will assume 
qubits that are much smaller than the relevant wave- 
lengths, A = 2-kv/VLj, (J = P,F) and are separated by 
a fixed distance r. Under these conditions the Hamilto- 
nian, H = Ho + Hi, splits into a free part for the qubits 
and the field Hq = ^(flpap + ilpap) + f x x dkhojka\.ak 
and a point-like interaction between them 

Hi = - J2 djV(xj)a x j = Hip + Hif (2) 

J=P,F 

Here xj are the fixed positions of the atoms, and dj aj 
is a dimensional reduction of the matter- radiation inter- 
action hamiltonian with two-level atoms and the electro- 
magnetic field, analogous - but not fully equivalent - to 
the Unruh-de Witt model. [15] . 

Representing the states in terms of qubit (P, F) and 
field (V) free eigenstates with the notation = \PFV), 
the initial state would be \ip(—t2)) — \egO), where only 
qubit P has been excited, while both F and the field V 
remain in their ground and vacuum states, respectively. 
According to our past-future scheme (Fig.[T^), the system 
evolves in the interaction picture into the state 

Mfc)) = Te-^X ^[e(-t'-tx)H^ + e ( t'-t 1 )< ) ] M) 

T being the time ordering operator. 

We use the formalism of perturbation theory up to the 
second order and beyond Rotating Wave Approximation 



[7J and trace over the field degrees of freedom to obtain 
the corresponding two-qubit reduced density matrix ppp 
evaluated at t%. The degree of entanglement of this X- 
state can be characterized with the concurrence, which 
at the considered order is given by: 

C(ppf) = 2 f |*| - (^2 \A hk \ 2 ^ (^2 |Bi, fe | 2 ) j ; 

V (4) 
X standing for the normalized amplitude of photon - real 

and virtual - exchange and ^ fe l-Ai^l 2 , ^ fc |-Bi,fe| 2 for the 
total normalized probability of single-photon emission by 
qubit P and F, respectively. These terms can be com- 
puted analytically - following similar techniques as in [7] 
- as a function of four dimensionlcss parameters, £ on , £ g, 
K P and K F . The first two, £ on = vT on /r, £ off = vT oS /r 
allow to discriminate the different spacetime regions. The 
remaining ones are dimensionless coupling strengths for 

qubits P and F: Kj = = 2 (jfc) .We will restrict 

to consider times where IKj^ljt^ <C 1, needed for our 
perturbative approach to remain valid. 

Three different regions emerge from the parameters 
above: if T on +T ff > r/v (we will refer to this spacetime 
region as region 3), F may start at t = t% to absorb radia- 
tion emitted by P in the past (if T a g < r/v) or not absorb 
radiation at all (if T off > r/v). If 2T on + T oS > r/v but 
Ton + ?off < r/v (region 2), F will start to absorb radia- 
tion somewhen in the future. If 2T on + T Q s < r/v (region 
1), there is no real photon exchange, but vacuum corre- 
lations - or virtual photon exchange - are allowed at any 
time. Only in region 1 and in region 3 for T g > r/v can it 
be said that we are dealing with a pure effect of transfer- 
ence of the quantum correlations between the past and 
the future contained in the vacuum. In the other two 
spacetime regions these correlations are assisted by the 
photon exchange, operating at any time in the future - 
region 3 for T g < r/v - or only for a given time - region 
2 -. 

In Fig. [2^i we sketch the behaviour of the concurrence 
as a function of T on and T a s, for coupling strengths 
gj/flj ~ 0.1, such as in cutting-edge experiments of ul- 
trastrong coupling in circuit QED [THl E] and accessible 
values of the qubit's gaps and distance. We note that 
qubit-qubit entanglement is sizable in the ns regime, both 
in the previously defined regions 2 and 3 of the space- 
time. In addition, Fig. [2J) shows a significant amount of 
entanglement in region 1, entailing a pure transference of 
vacuum correlations. In general, entanglement is concen- 
trated around ttjT on ~ £1 j T a s ~ 1 and £ on ~ £ ff — 1- 
Thus, for qubit distances of the order of A, entanglement 
shows up in the ns regime, but drifts towards shorter 
times as the distance diminishes, as can be seen in Fig. [2];. 

In particular, in our analysis with time independent 
energy gaps, concurrence is in the purely time-like sce- 
nario where T Q g > r/v, including the r = 



3 




FIG. 2: a) Concurrence vs. T on and T oB for g = g P = g F , n = ^p = Op = 2vr x 1 GHz, = v^/2 ■ 1CT 1 and r/X = 2. 
Significant entanglement is generated at both sides of the line T on + T a — 2 ns which discriminates regions 2 and 3. b) 
Concurrence vs T on and the coupling strength g/fl for T fc = 0, fl = £lp = Qf = 2n x 1 GHz, r / X = 2, g = gp = gF ■ Sizable 
entanglement is generated at both sides of the line T on = 1 ns which discriminate regions 1 and 2. c) Concurrence vs. T a and 
r/X for T on = Ins, g — gp — gF, fi = fip = Of = 2tt x 1 GHz, and g/Q, — v3/2 ■ 10 _1 . The generation of entanglement is 
concentrated around (r/A)/l GHz ~ (T on + Toff). 



described in [TT]. As mentioned before, a tailor-made 
time-dependence for the qubit gap (oc 1/t) would be re- 
quired in order to access vacuum quantum correlations 
in such a scheme. As a matter of fact, the proposal in 
[TT] exploits a formal analogy [9]- only fulfilled for mass- 
less fields - between the past and the future light cones 
and the left-right Rindler wedges. However, one must 
be very careful about the extent to what this analogy is 
valid: while it is possible to think of the vacuum state as 
an entangled state of modes observed by causally discon- 
nected observers in the left-right wedges of the space-time 
|20j . it is not clear whether this way of thinking can be 
transported to the past-future light cones case [21] . Thus, 
standard detectors do not actually couple to the entan- 
gled modes of the past and the future light cones and 
the time dependent gap must be introduced. On the ex- 
perimental side, one could think of engineering a tunable 
gap with charge qubits, but in this case the qubit-field 
interaction could not be connected and disconnected at 
will. While the latter condition can be indeed circum- 
vented with our setup, the 1/t dependence would result 
extremely challenging from the experimental viewpoint. 

Given this, we will focus on a more feasible setting, 
aiming to test the results shown in Fig. [2] As mentioned 
before, it consists of a circuit QED design where two su- 
perconducting qubits, galvanically coupled to the center 
conductor of an open transmission line, interact with the 
vacuum field, being this interaction tunable in strength 
[22] (see Fig. [iji). A first superconducting qubit P (pre- 
pared in its excited state by driving it with a microwave 
pulse) interacts for a time T on with the vacuum field. 
Subsequently, we switch off the interaction by applying 
an external flux bias (Fig. [T|d). Finally, after a time T Q s, 



we switch on the interaction of a second qubit F, generat- 
ing a certain amount of entanglement between P and F, 
which can be quantified with quantum state tomography 
[23] . It must be noted that, even if what we calculate 
here is a standard entanglement measure (namely the 
concurrence for qubits P and F at time t = £2), we could 
still use this quantity as a measure of quantum correla- 
tions between past and future for the case where qubit P 
had been destroyed after t = —tx- In this case, the only 
novelty of the tomography process will be that the local 
measurements with correlated outcomes would occur at 
different times. 

So far we have introduced a qualitative scheme based 
on switchablc interactions. This key ingredient can be 
engineered using the design depicted in Fig. [TJd. Intu- 
itively the system can be seen as a flux qubit (top ring) 
coupled to the transmission line (vacuum field) by means 
of the intermediate loop, which regulates the coupling 
by varying the external flux bias ($3) passing through 
the SQUID. Actually the intermediate loop is part of 
the qubit and part of the field, and as such it has to be 
quantized together with them. Only then qubit, tunable 
coupling and quantum field would emerge as effective de- 
grees of freedom. 

Since we remain in the flux regime (Eq <C Ej) we 
can just consider the dominant contributions to the en- 
ergy given by the Josephson junctions, leading to the 
effective Hamiltonian iJ c ff = Ej i cos(ifi), where 

Ej i and ifii stand for the Josephson energy and gauge - 
invariant phase of the i-th junction respectively. The 
flux quantization over closed loops imposes the following 
restrictions, J2kf k = f k ( mo d 2n), where the param- 
eters fk = 27r$fc/$o allow us to select the qubit gap 
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the shape of the interaction, and most important, 
the strength of the latter. Considering the standard flux 
qubit configurations [Ej\ = Ej\ = aEjs), together with 
Ej4 = Ej 5 = a^Eji, the effective Hamiltonian can be 
decomposed as the free Hamiltonians of the qubit and 
the electromagnetic field with a certain interaction given 
by H- mt /Ejx = - J dkai cos (/ 3 ) a x Aip, where / 3 stands 
for the normalized external flux bias passing through the 
SQUID, and Aip oc (a k +a{). It is now clear how by driv- 
ing an external flux $ 3 = $o/4, the interaction Hamilto- 
nian vanishes, thus isolating the qubit from the bosonic 
field. State of the art technology [H] allows the varia- 
tion of this external flux in times of about 0.1 ns, which 
is much faster than the interaction dynamics. 

The proposed experiment of past-future entanglement 
extraction would constitute a fundamental proof for the 
possibility of using the vacuum state of a field to produce 
correlations between a qubit in the past and a qubit in 
the future, but this is not the only interesting aspect. 
From the quantum technologies point of view, the ability 
to extract past-future entanglement from the field using a 
pair of qubits could be used to implement a device which 
teleports a quantum state in time - as first suggested 
in [llj -, or in other words, we could use the field in the 
transmission line for building up a novel kind of quantum 
memory. In the following, we will explain this in more 
detail. 

For the quantum teleportation in time, an observer - 
say, Paula - in possession of the qubit P and another 
qubit P' that she wants to teleport, should be able to 
carry out measurements on her qubits once the interac- 
tion had been disconnected at —t%. At some time in the 
future after i 2 , an observer - say, Frank - would use the 
results of Paula's measurements stored as classical infor- 
mation and locally manipulate the qubit F , in order 
to transfer the state of P' to F. The fidelity will be a 
function of the amount of quantum correlations between 
P and F. Note that during T s the information of the 
quantum state of P' is in some sense codified in the field 
along the transmission line, even if we destroy P after 
its interaction and measurement. Then, this information 
is recovered and embodied in F after its interaction and 
the use of the stored classical bits. 

The experimental realization of quantum teleportation 
has already been achieved in cQED with fairly high fi- 
delity [24 , up to the final step of single-shot qubit mea- 
surements. The fact that P and F are non-pure states 
should not prevent us from using them as a resource for 
teleportation, given the amount of quantum correlations 
both share [2S1 [25] • As shown in figure [2j entanglement 
is strong enough to consider the possibility of relatively 
high-fidelity teleportation for quantum states that are 
separated by times of nanoseconds. Since this interval is 
similar to the coherence times of the qubit, the scheme 
might be used as a quantum memory - provided that the 
coherence of the field is long enough -, therefore paving 



the way for future implementations where this time sep- 
aration could be larger. In our setting, that time-lapse 
grows with the qubit spatial separation and the inverse of 
the qubit gap, those values being limiting experimental 
factors for it to work as a memory. 

In a nutshell, we have proposed a experimentally fea- 
sible circuit QED setup to test the extraction of quan- 
tum correlations between different times contained in the 
vacuum of a quantum field. We have shown in particu- 
lar that sizable past-future vacuum correlations can be 
transferred to a pair of qubits P and F, which only in- 
teract with the field in the past or the future respec- 
tively, even if the qubits do not coexist at the same time. 
Moreover, we discuss the possible technological uses of 
that entanglement extraction and the limitations of our 
scheme to work as a quantum memory. 
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